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A B S T R A C T
Background: Human scalp hair is a valuable matrix for determining long-term cortisol concentrations, with wide-
spread applicability in clinical care as well as research. However, pediatric reference intervals are lacking. The
aim of this cross-sectional study is to establish age-adjusted reference intervals for hair cortisol in children and to
gain insight into hair growth velocity in children up to 2 years old.
Methods: A total of 625 healthy children were enrolled through recruitment in pregnancy, infant-welfare clinics,
and school visits. Scalp hair cortisol levels were measured using liquid chromatography-tandem mass spectro-
metry. Age-adjusted reference intervals were established in children from birth to 18 years old. Hair growth
velocity was determined in children 0−2 years of age by measuring hair length at 4- to 10-week intervals.
Results: Hair cortisol levels were high (162.4 pg/mg, 2.5th-97.5th percentile: 28.8–961) after birth with a sharp
fall in the first 3 months of life. This is followed by lower values until age 6 and then by graduated and subtle
higher values to adult concentrations are reached at the age of 18 years (3.0 pg/mg, 2.5th-97.5th percentile:
0.53–17.8). Average hair growth velocity measured in mm/month was significantly lower in infants 0–6 months
of age compared to children 12–24 months (3.5 versus 9.4, P < 0.001).
Conclusions: This is the first study to provide age-adjusted reference intervals for hair cortisol in children from
0−18 years. Higher hair cortisol concentrations in infants might be explained by the significantly lower hair
growth rate in the first year of life. The establishment of pediatric hair cortisol reference ranges broadens the
potential applications of this biomarker in pediatric clinical care.
1. Introduction
Measurement of endogenously produced cortisol is a cornerstone for
diagnosis and monitoring of a broad range of diseases. Routinely used
matrices for cortisol quantification include serum, urine and saliva.
However, interpretation of diagnostic tests for cortisol is complicated
by the pulsatile excretion, the naturally occurring circadian rhythm and
the maximum of 24 h of measurement. Over the past decade, cortisol
measurement of human scalp hair as a long-term biomarker of the
hypothalamus-pituitary-adrenal (HPA) axis (Russell et al., 2018; Wester
and Van Rossum, 2015) has become increasingly popular. Hair use
offers unique benefits and characteristics, which include non-invasive
sampling and a long-term retrospective reflection of cumulative hor-
mone concentrations. These features make the use of scalp hair at-
tractive for both clinical practice and research.
Studies have associated increased scalp hair cortisol with obesity
(Noppe et al., 2016; Papafotiou et al., 2017) and, in adults, with me-
tabolic syndrome (Stalder et al., 2013) and cardiovascular disease
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(Manenschijn et al., 2013). Moreover, measurement of cortisol in hair
may be an interesting tool as diagnostic test in Cushing’s disease (Hodes
et al., 2018; Savas et al., 2019) and is a promising tool for monitoring
hydrocortisone treatment in adrenal insufficiency in both adults
(Ibrahim and Van Uum, 2014) and children (Noppe et al., 2014). In
addition, hair cortisol has been associated with mental health in adult
literature; altered cortisol levels are found in chronic stress and anxiety
disorders such as post-traumatic stress disorder (Stalder et al., 2017;
Staufenbiel et al., 2013). In children, however, no significant relation-
ship has been found between hair cortisol and anxiety or depression,
and results in relation to stress and/or trauma exposure (Gray et al.,
2018) have been surprisingly heterogeneous.
In adults, population-based reference ranges for hair cortisol mea-
surement have been established in large cohort studies of healthy vo-
lunteers with liquid chromatography mass spectrometry (Abell et al.,
2016; Greff et al., 2018; Staufenbiel et al., 2015; Wester et al., 2017).
Limited studies of reference intervals of cortisol concentration in chil-
dren have been published (Dettenborn et al., 2012; Karlen et al., 2013;
Rippe et al., 2016); no extended studies of reference intervals using the
state-of-the-art method of liquid chromatography-tandem-mass spec-
trometry (LC–MS/MS)(Greff et al., 2018) have been published. It is
generally accepted that hair in adults grows at a fairly constant rate of
approximately 10mm per month (Saitoh et al., 1969), meaning that the
first centimeter proximal to the scalp is assumed to contain cortisol
incorporated during the month prior to sampling. Studies of children’s
hair characteristics and hair growth patterns, needed for correct inter-
pretation of hair cortisol concentration, are limited (Barth, 1987). A
study in 20 children aged 3−9 years showed a growth rate of 9.6 mm
per month (Pecoraro et al., 1964). To our knowledge, studies on hair
growth rate in infants aged 0−2 years are non-existent.
In this study we assess hair growth velocity in children aged
0−2 years, establish age-adjusted reference intervals for cortisol in
healthy children aged 0−18 years and determine the influence of
covariates such as hair color and hair treatment.
2. Materials and methods
2.1. Subjects
In this study, data were analyzed from three groups of healthy
children aged 0−18 years who were recruited in pregnancy and infant-
welfare clinics, during elementary and secondary school visits and at a
pediatric (outpatient) clinic.
The first group consisted of newborns who participated in the
control group of a non-randomized, prospective controlled study in the
OLVG West Hospital in Amsterdam, the Netherlands (Hollanders et al.,
2017; Kieviet et al., 2016). Included were infants whose mothers did
not use psychotropic medication during pregnancy, who were admitted
to the maternity ward or neonatal care unit and who had an expected
hospital stay of at least 72 h. Most infants who fulfilled these criteria
were born by caesarean section. The study was approved by the medical
ethics committees of the OLVG West Hospital and VU Medical Center in
Amsterdam, the Netherlands. Written informed consent was obtained
from parents of all participants. Study recruitment took place between
February 2012 and August 2013.
The second group consisted of six-week-old infants from the INCAS
study, a multicenter observational study on maternal parenting capa-
city and infant development in mothers with severe mental illness.
Infants of healthy mothers in the control group were recruited during
pregnancy at several midwifery practices in the Netherlands. The
INCAS study was approved by the Erasmus MC medical research ethics
committee, and written informed consent was obtained from all parti-
cipating mothers (NL42662.078012). Study recruitment took place
between February 2013 and December 2014.
The third group consisted of healthy children aged 0−18 years re-
cruited from the general population of the Netherlands for a cross-
sectional observational study on steroid hormone concentrations in
scalp hair during childhood, adolescence and pregnancy. Participants
were enrolled through visits to infant-welfare centers and primary and
secondary schools in Rotterdam and Woerden and surrounding areas. In
addition, two groups of children visiting an outpatient clinic were asked
to participate in this study: 1) 12-week-old infants at risk for patholo-
gical developmental dysplasia of the hip who tested negative with so-
nographic screening and 2) healthy siblings of patients visiting the
outpatient clinic. The criteria of exclusion we used were chronic disease
and systemic use of glucocorticoids (GC) or other medications affecting
steroid metabolism. Additional criteria of exclusion used for children
aged less than 6 months were prematurity (gestational age<37 weeks)
and systemic maternal use of GC. This study was approved by the
Medical Research Ethics Committee of Erasmus MC and followed the
Helsinki declaration. Written consent was obtained from parents and
children aged 12 and above, and informed assent was given by children
less than 12 years. Study recruitment took place between January 2011
and April 2018.
2.2. Determinants
For a subset of children questionnaires were filled out either by
parents/caretakers or by children themselves (if older than 12 years).
These covered hair care characteristics, general health and use of
medication. Information was obtained about washing frequency (< 1,
1–2, 3–4, or> 4 times per week), use of hair products on the day of
sampling (yes/no, type of product: none, mousse, gel, wax, spray,
other), frequent sweating of the scalp (yes/no), hair treatment (e.g.
dyeing, bleaching, or perming) in the past three months, topical use of
GC and current tobacco smoking status (yes/no). In children who did
not fill out a questionnaire, hair treatment was set to” no” for children
under the age of 10 years and current smoking status was set to” no” for
those under the age of 12 years. Ethnicity was determined according to
country of birth of the children and their parents, derived from the
completed questionnaires. Ethnicity is divided into three groups: native
Dutch, Western background and non-Western background. Ethnicities
are determined based on a report of Statistics Netherlands (CBS.nl). An
immigrant is defined as a person one or both of whose parents were not
born in the Netherlands. A Western immigrant is defined as a person
one or both of whose parents were born in one of the countries in
Europe (excluding Turkey), North America and Oceania, or Indonesia
or Japan. A non-Western immigrant is defined as a person one or both
of whose parents were born in one of the countries in the continents of
Africa, Latin America and Asia (excluding Indonesia and Japan) or
Turkey (Vliegenthart et al., 2016). (Statistics Netherlands, StatLine, CBS
2018).
2.3. Hair collection and preparation
Hair locks were cut with small surgical scissors from the posterior
vertex, as close to the scalp as possible. The posterior vertex has the
lowest variation in repeated measurement (Noppe et al., 2015; Sauvé
et al., 2007). The hair locks were taped to a paper form with the scalp
end marked and then stored in envelopes at room temperature. In the
children aged 4 years and up, the proximal 3 cm of hair was used for a
single analysis. The strands of hair were cut into 1-cm segments. In the
newborn infants, the total length of fetal hair, typically 1 cm, was
analyzed. In children up to 4 years, whose hair had not always grown to
3 cm, at least the 1 cm of hair closest to the scalp was analyzed. Sub-
sequently, hair samples were transferred to glass tubes, weighed (mg),
washed by gently shaking them in LC–MS grade isopropanol at room
temperature and left to dry for at least 48 h. To determine the hair
growth velocity in children up to 2 years, the place of cutting was
marked and described in the logbook. A researcher, research nurse and
trained student were trained to perform both the cutting and mea-
surement. At a follow-up appointment 1–2.5 months later, the new-
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grown hair was measured with a measuring tape by the same person
who had done the cutting.
2.4. Hair Analysis
Cortisol was extracted in 1.5mL LC–MS grade methanol for 18 h at
25 °C in the presence of deuterated cortisol-d3, and it was subsequently
cleaned using solid phase extraction. The Department of Clinical
Chemistry uses an ISO 15189;2012-accredited LC–MS/MS method for
hair cortisol analysis and participates in the international inter-
laboratory Round Robin since 2015 (Russell et al., 2015). The method is
described in detail elsewhere (Noppe et al., 2015) and uses a Waters
Xevo TQ-S system (Waters Corporation, Milford, MA, USA). Cortisol
concentrations were reported in pg per mg hair. The inter-assay coef-
ficient of variation for cortisol was 14.8 %. The intra-assay coefficient of
variation for cortisol was< 11 %. The lower limit of quantification
(LLoQ) of cortisol was< 1 pg/mg. Measurements below LLoQ were
excluded from statistical analyses.
2.5. Statistical Analysis
Statistical analyses were performed with SPSS Version 24 (IBM,
New York, USA). Age-specific reference intervals for hair cortisol con-
centrations were estimated by analysis of 2.5 and 97.5 percentile curves
via a semi-parametric model with Box-Cox transformation, which is
available in the” Generalized Additive Models for Location, Scale and
Shape” package (Rigby et al., 2005). To prevent overfitting, model fit
was assessed using Akaike’s” information criterion” and visual inspec-
tion. Hair cortisol concentrations were transformed to age-adjusted z-
scores for subsequent analyses. Associations of hair cortisol con-
centrations with hair characteristics, smoking, gender and ethnicity
were assessed using linear regression models and applicable adjust-
ments for gender and ethnicity were applied. As hair cortisol con-
centrations have a skewed distribution, log-transformation was applied
to achieve a normal distribution, and hair cortisol concentrations were
transformed to age-adjusted z-scores. Associations of hair growth ve-
locity with the three age groups were assessed using one-way ANOVA.
3. Results
Cortisol concentrations in a total of 625 children aged 0–18 years
were measured to establish reference intervals. The general character-
istics of participants are shown in Table 1. The three groups of healthy
children were significantly different in age (P < 0.001) and in ethni-
city (P < 0.001). The participants’ ethnic background was mainly na-
tive Dutch (Caucasian) in the second (71 %) and third (80 %) groups
and mainly immigrant with a Western origin (76 %) in the first group,
in which 24 % were of Caucasian ethnicity. The groups did not sig-
nificantly differ in gender (P=0.079).
The results of hair cortisol levels by age are shown in Fig. 1. Re-
ference intervals are defined as median and predicted 2.5th and 97.5th
percentiles, as shown in Table 2.
Newborns’ scalp hair shows high levels of cortisol after birth, with a
sharp fall in the first 3 months followed by further lower levels to the
age of 6 years and then by graduated and subtle higher values to adult
levels. The variation of cortisol levels was smaller in adolescents than in
preschool-aged children.
3.1. HAIR GROWTH VELOCITY
Fig. 2 shows the hair growth velocity in a subset (n= 62) of chil-
dren in the<2 years age group. The average hair growth velocity in
infants 0–6 months old was 3.5 mm per month (SD 2.1; n= 27). The
hair growth velocity in children aged 6–12 months was 6.7mm per
month (SD 3.1; n=21) and in children 12–24 months, 9.4 mm per
month (SD 1.6; n=14). The hair growth velocity is significantly
different between the three age groups (p < 0.001) and is higher in the
older children. Due to limited hair amount we could only measure both
hair cortisol and hair growth velocity in 47 of the 62 children. In these
children, the lower cortisol levels during the first two years were partly
explained by the increasing hair growth velocity. Log cortisol had a
significant association with age (p < 0.001); however, when hair
growth velocity was taken into account, the association was no longer
significant (p=0.252).
3.2. EFFECTS OF DETERMINANTS ON CORTISOL MEASUREMENT
Table 3 shows the effects of participant and hair related char-
acteristics on cortisol z-scores. Hair cortisol was not associated with
gender. Cortisol was lower in children of Western descent than in
children of non-Western descent (p=0.04). All other known con-
founders (BMI, smoking, excessive sweating) were not associated with a
difference in cortisol concentration. Hair care characteristics (washing
frequency, hair product use, type of hair product and hair color) were
not associated with hair cortisol level.
4. Discussion
This study is, to the best of our knowledge, the first to provide both
LCeMS/MS-based reference intervals for cortisol concentrations in
scalp hair of healthy children from birth to 18 years of age as well as
hair growth rates in infants. Hair cortisol levels are age-dependent;
remarkably high levels are observed after birth then much lower values
in the first months followed by further lower values to a nadir at the age
of 6 years. The higher cortisol levels that were found during infancy
might be explained by both the lower hair growth rates found in chil-
dren aged less than 2 years and by the different hair types in this age
Table 1
Descriptive statistics of study participants (n=625).
Participants
Age, years (n= 625) 5.0 (SD 6.0)
Height,SDS (n= 422) 0.11 (SD 1.04)
Body mass index, SDS (n= 422) −0.12 (SD 1.08)
Gender, girls/boys (n= 625) 299/326 (48/52 %)
Ethnicity (n= 482)
• Native Dutch (Caucasian) 349 (72.4 %)• Immigrant non western/western 50/83 (10.4/17.2 %)
(Hair) Characteristics
Hair color (n= 237)
• Black 20 (8.4 %)• Brown 116 (48.9 %)• Blond 87 (36.7 %)• Red 14 (5.9 %)
Hair dyed yes/no (n= 578)* 5/573 (1/99 %)
Washing frequency (n= 253)
•<1x/week 26 (10.3 %)• 1-2x/week 81 (32.0 %)• 3-4x/week 108 (42.7 %)•>4x/week 38 (15.0 %)
Excessive sweating yes/no (n=240) 29/211 (12/88 %)
Use of hair product yes/no (n=255) 88/167 (35/65 %)
• Mousse 3 (3.4 %)• Hairspray 6 (6.9 %)• Wax 16 (18.4 %)• Gel 23 (26.4 %)• Other 26 (30.0 %)• Multiple 13 (14.9 %)• missing 7
Smoking yes/no (n=597)* 9/587 (2/98 %)
Data described as mean (standard deviation) or number (percentage).
Abbreviations: sd(s) standard deviation (score).
* In children who did not fill out a questionnaire, hair dyed was set to ‘no’ for
children under the age of 10 years and current smoking status was set to ‘no’
under the age of 12 years.
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group, with variation in the cortex and the amount of medulla (Barth,
1987). This variation might have an effect on the incorporation of free
cortisol into hair as this is thought to occur via passive diffusion from
blood into the medulla of the hair shaft during growth (Russell et al.,
2018).
The higher hair cortisol we found in older children is consistent with
previous published literature that included adult participants. In a
meta-analysis that included 10,289 individuals, the respective correla-
tion coefficient was estimated to increase by 0.09 for each 10-year in-
crease in the standard deviation of age (Stalder et al., 2017). Consistent
with this finding, we measured a median concentration of 3.0 pg/mg in
18-year-old children, while mean cortisol levels in adults range from
3.18 to 5.50 pg/mg (Abell et al., 2016; Sauvé et al., 2007; Staufenbiel
et al., 2015)). A recent systematic review of the determinants of hair
cortisol in children (Gray et al., 2018) analyzed age as a predictor of
hair cortisol in children. Interestingly, in very young children, espe-
cially children under 2 years of age, cortisol was suggested to be par-
ticularly high (Dettenborn et al., 2012). Our study strongly confirms
this finding.
Limited studies on reference intervals and potential confounders of
cortisol concentration in children have been published (Dettenborn
et al., 2012; Karlen et al., 2013; Rippe et al., 2016). Although only 25 %
of laboratories use LCMS technology (Gray et al., 2018), mass spec-
trometry has become the preferred method for steroid analysis in
high‐quality clinical research (Handelsman and Wartofsky, 2013). The
laboratory of Erasmus MC already participated in the first international
interlaboratory Round Robin in 2015 (Russell et al., 2015). Results from
the Round Robin showed that immunoassay concentrations are higher
by approximately a factor of 3 than the concentrations measured by
LC–MS/MS. Therefore, we believe that our data can be interpreted well
by colleagues using immunoassays.
Rippe et al. (Rippe et al., 2016) analyzed hair cortisol concentra-
tions in a large cohort of 2484 Dutch children aged 6 years from the
Generation R Study. Hair cortisol levels were associated with socio-
economic status, ethnicity, hair color and child characteristics such as
birthweight, gestational age at birth, BMI, disease, allergy and medi-
cation use. The median cortisol concentrations of 1.55 pg/mg in boys
and 1.38 in girls found by Rippe et al. correspond with the results found
in the current study (1.55 at age 6 years). Two other studies found ei-
ther comparable concentrations, Evans et al. (Evans et al., 2019) found
that 10-year old Dutch children had a median concentration of 2.99 pg/
mg (compared to 2.02 in our study), or fourfold higher hair cortisol
values (Gao et al., 2014). Apart from the difference in ethnicity in the
Gao study (participants were Chinese), both studies were similar in that
they consisted of small numbers (92 and 29 participants) and did not
report on potential confounding factors such as hair characteristics and
corticosteroid use (Gray et al., 2018).
Our finding that hair cortisol, after infancy, is higher in older chil-
dren, corresponds with previous data on traditional cortisol measure-
ments in serum (Bailey et al., 2013; Wang et al., 2018). Serum cortisol
concentrations steadily get higher from age 4 into adolescence. Kulle
et al. (Kulle et al., 2013) reported age- and gender-specific reference
data for serum cortisol in 905 children and reported high cortisol levels
in the group aged less than 1 year. Although the current study measures
cortisol concentrations in a different matrix, the associations with age
resemble those in hormone studies performed in serum.
Several studies in adults have addressed the effects of potential
confounders on cortisol concentrations measured in hair. The main
covariates to be considered are gender (men exhibit 21 % higher hair
cortisol levels than women) (Stalder et al., 2017) and ethnicity (the
highest median hair cortisol in blacks, followed by hispanics and whites
(Abell et al., 2016; Wosu et al., 2015)). Rather weak associations are
found with hair washing frequency, hair treatment and oral contra-
ceptive use (Dettenborn et al., 2012; Gray et al., 2018; Manenschijn
et al., 2011; Rippe et al., 2016; Sauvé et al., 2007). In accordance with
these findings, we observed no major effects on hair cortisol con-
centrations due to hair characteristics but significant effects of
Fig. 1. Reference ranges cortisol concentrations over age.
Table 2
Age adjusted reference ranges for hair cortisol (pg/mg).
Age Cortisol
Percentiles 2.5th 50.0th 97.5th
at birth (n=99) 28.8 162.4 961.2
1 month (n=62) 15.7 88.8 525.7
2 months (n=71) 6.82 38.5 227.8
3 months (n=24) 3.64 20.5 121.5
6 months (n=30) 2.84 16.0 94.9
9 months (n=13) 2.42 13.7 80.9
1 year (n=15) 2.05 11.6 68.6
1.5 year (n=25) 1.45 8.20 48.6
2 year (n=14) 1.06 5.73 33.9
3 year (n=11) 0.56 2.91 17.2
4 year (n=10) 0.34 1.93 11.4
5 year (n=15) 0.29 1.65 9.79
6 year (n=20) 0.27 1.55 9.14
7 year (n=26) 0.28 1.56 9.23
8 year (n=13) 0.30 1.67 9.85
9 year (n=21) 0.32 1.83 10.8
10 year (n=10) 0.36 2.02 12.0
11 year (n=20) 0.39 2.21 13.1
12 year (n=9) 0.42 2.38 14.1
13 year (n=23) 0.45 2.51 14.9
14 year (n=25) 0.47 2.63 15.5
15 year (n=18) 0.48 2.73 16.2
16 year (n=20) 0.50 2.82 16.7
17 year (n=14) 0.52 2.91 17.2
18 year (n=17) 0.53 3.00 17.8
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ethnicity. Several explanations have been offered to explain this effect
(Abell et al., 2016). First, certain ethnic groups are more likely to be
exposed to biopsychosocial stressors (Boileau et al., 2019). Second,
there are differences in the hair textures of different ethnic groups, and
some textures may lead to more incorporation of cortisol into hair
(Wosu et al., 2015). Third, hair grows at different rates in different
ethnic groups (Loussouarn et al., 2016). Although the ethnic makeup of
the newborn age group was different than in the other age groups, we
think the difference between the very high cortisol levels after birth and
the much lower values after the first months is not likely to be ex-
plained by ethnicity. In the whole cohort, the influence of ethnicity on
cortisol levels was found to be significant but is subtle, within the
normal range, compared to the extremely higher levels of cortisol in
both western and non-western ethnic groups after birth. Finally, con-
sistent with 11 of the 17 studies on determinants of hair cortisol in
children reviewed by Gray (Gray et al., 2018), we found no significant
difference in hair cortisol between girls and boys.
In our study, we noted a significantly lower growth rate of 3.5mm
per month in infants up to 6 months old, compared to 9.4mm/month in
children aged 12–24 months and the generally accepted growth rate of
10,0 mm per month in adults (Saitoh et al., 1969). Our finding has
important implications for the interpretation of hair cortisol values in
very young children. There are several possible explanations for the
lower growth rate. First, infant scalp hair consists of a different type of
hair. In 1930, historical observations of 16 American white children
using serial monthly hair samples from birth until the age of 14 years
showed that the amount of medulla in newborn hair is much lower than
in infant hair and increases into childhood (Duggins and Trotter, 1951).
Barth (Barth, 1987) further described four types of infant hair: lanugo
in newborns, vellus hair, an intermediate form of hair from between 3
and 7 months up to 2 years, followed by terminal, adult-like hair. We
hypothesize that these four types of infant hair have different growth
characteristics. Second, toward the end of the first year, the synchro-
nized cyclic activity of all scalp hair follicles changes to a mosaic pat-
tern; (Barth, 1987; Furdon and Clark, 2003). During fetal life and for at
least the first four months post-birth, all scalp hair follicles are syn-
chronized in the same phase of the growth cycle which consists of three
phases: growth (anagen phase), cessation (catagen phase) and rest
(telogen phase). This synchronization is lost near the end of the first
year, resulting in differences in hair loss and in the percentage of
terminal hair follicles on the scalp, which in turn leads to differences in
the growth velocity of the hair present. There is considerable individual
variation between ages at which the synchronization is lost, which
probably explains the variation in individual growth rate from 0.7 to
Fig. 2. Hair growth rate in relation to age.
Table 3





Girls −0.07 0.09 0.431
Ethnicity
Western immigrant/Caucasian Ref
Nonwestern immigrant 0.31 0.15 0.036
BMI sds −0.01 0.07 0.907
Smoking: yes −0.09 0.34 0.800
Hair color:
Brown Ref
Black −0.17 0.28 0.546
Blond 0.12 0.14 0.395
Red −0.34 0.29 0.240
Hair treatment: yes 0.11 0.24 0.658
Washing frequency:
< 1x/week 0.41 0.22 0.060
1-2x/week 0.05 0.15 0.744
3-4x/week Ref
> 4x/week 0.15 0.19 0.441
Excessive sweating: yes 0.24 0.20 0.218
Hair product use: yes −0.04 0.13 0.778
Beta’s, standard error (SE) and p-values (P) of linear regression model. All
models adjusted for gender and ethnicity. Hair cortisol is provided in z-scores
adjusted for age.
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12.5 mm that was found in our study in the age group<12-month age
group. It is important to realize that it takes time for the growing hair to
reach the surface. Third, ethnicity has a small, but significant effect on
the individual growth rate: African hair grows more slowly than Cau-
casian hair, which in turn grows more slowly than Asian hair
(mean ± SD: 280 ± 50, 367 ± 56 and 411 ± 43 μm/day, respec-
tively) (Loussouarn et al., 2016, 2005). As within the groups of im-
migrants in our study, western and non-western, both African and Asian
hair types are represented, it is difficult to estimate the effect of eth-
nicity on the growth rate in our study.
Strengths of the present study include the use of a LCeMS/MS
method in a representative population with multiple ethnicities. In the
Netherlands 77 % of the inhabitants are native Dutch and 23 % are
immigrants compared with 72.4 and 27.6 % in our study (Statistics
Netherlands, StatLine, CBS 2018). Next to this we measured a broad
range of potential confounders. This is the first study to examine re-
ference intervals across all age ranges from birth to 18 years including a
large number of hair samples from the difficult-to-study young age
group. For the first time, hair growth velocity has been studied in in-
fants. A limitation in the current study is that immigrant ethnicity is
defined as a dichotomous variable (Western vs. non-Western), which
probably underrepresents the differences between ethnicities in the
non-Western group. As ethnicity in the Netherlands is strongly asso-
ciated with immigration, culture, different social economic status and
education level (Flink et al., 2013), it is difficult to determine how
ethnicity affects cortisol levels. Another limitation is that detailed in-
formation on demographic characteristics of the cohort, such as par-
ental education, socioeconomic status, neighbourhood level advantage/
disadvantage is not available. Further reference studies in populations
with different mixes of ethnicities and information on SES measures
would be of additional value.
Measuring cortisol in scalp hair yields long-term cumulative cortisol
concentrations unaffected by circadian rhythm or acute stress. The non-
invasiveness of the procedure and easy storage of samples make this
method exceptionally suitable for pediatric clinical practice.
Longitudinal studies in which cortisol analysis in scalp hair are included
may provide new insights into the pathophysiology of cortisol-related
morbidity and leads to novel clinical applications for a range of endo-
crine diseases—including diagnosis and follow-up in hypercortisolism,
adrenal insufficiency and congenital adrenal hyperplasia—as well as
use in research and as a biomarker for stress and mental health.
This study provides knowledge about pediatric reference intervals
and hair growth velocity in infants, which is essential for the im-
plementation of hair cortisol testing and interpretation of the results in
pediatric clinical practice.
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